Abstract-Increased service loads, imposed cyclic loading and error in design and construction encourage the re-construction of existing structural elements for strengthening. Externally bonded reinforcement (EBR) and near surface mounted (NSM) techniques, are the main strengthening approaches traditionally used till date. This paper presents an experimental investigation on the flexural strengthening of reinforced concrete (RC) beams with NSM technique using different ratios of steel bars. Four-point bending tests were carried out up to failure on four rectangular RC beams (125 mm width by 250 mm depth by 2300 mm length) strengthened with different ratios of steel reinforcement (different yield and ultimate strengths). Yield and ultimate strengths, flexural failure modes, cracking behavior and ductility are reported and discussed based on measured load and deflection. The test results show that flexural strength increased up to 53.02% and energy and deflection ductility improved.
This prevents the strengthened members from achieving ultimate flexural capacity [6] [7] [8] . Moreover, the externally bonded steel or FRP plates are vulnerable to thermal, environmental and mechanical damage. Therefore, the NSM strengthening technique offers an effective substitute to the EBR technique. In the NSM method the surrounding concrete protects the NSM bars or strips from thermal, environmental and mechanical damage, as well as delaying or preventing premature failure. The NSM technique was first used in the 1940s in Finland where steel bars were put into grooves to strengthen a bridge deck slab [9] . The first experimental research on the NSM technique using CFRP strips in grooves cut into the concrete specimens was conducted by [10] . A number of experimental studies have investigated the flexural behavior of RC beams strengthened with NSM bars or strips using FRP materials [11] [12] [13] [14] [15] [16] . FRP reinforcement has various advantages such as high strength, light weight, resistance to corrosion and potentially high durability but is highly expensive and not readily available. In addition, FRP reinforcements have little ductility. On the other hand, steel bars are readily available, less expensive, show adequate ductility, long-term durability and bond performance [17] . NSM strengthening using steel bars has been used on masonry buildings and arch bridges [18] . Almusallam et al. [19] investigated the experimental and numerical behavior of RC beams strengthened in flexure with NSM steel or GFRP bars and found that NSM bars promoted the flexural capacity of RC beams.
In this paper the structural behavior of RC beams strengthened with NSM steel bars and exposed to flexural loading is investigated. Due to its economic feasibility, steel is used as the strengthening material. It provides a cost-effective solution which is also structurally efficient. The test variables are strengthening reinforcement ratio and yield strength. Load, deflection and strain data are analyzed to understand cracking behavior, failure modes, ductility and bending stiffness of the tested beams.
II. EXPERIMENTAL PROGRAM

A. Test Matrix
A total of four RC beam specimens were tested. The first beam specimen was the control beam with no strengthening and the remaining beam specimens were strengthened with steel bars of different diameters. 
B. Specimen Configuration
The specimen dimensions and reinforcement details are shown in Fig. 1 . The beams were designed as under reinforced beams to initiate failure in flexure, in accordance with the ACI code [20] . The cross-sectional dimensions of the beams were 125 mm x 250 mm and the length of the beams was 2300 mm with 2000 mm as the effective span and a shear span of 650 mm. Three types of steel bars, 12 mm, 10 mm and 6 mm in diameter, were employed in constructing the beam specimens. The internal tension reinforcement of all beams consisted of two deformed steel bars, 12 mm in diameter, which were bent ninety degrees at both ends to fulfill the anchorage criteria. Two deformed steel bars, 10 mm in diameter, were used as hanger bars in the shear span zone. The shear reinforcement consisted of smooth steel bars, 6 mm in diameter, distributed along the length of the beams as shown in Fig. 1 . The two components were mixed in a ratio of 3:1 until a uniform grey color was achieved. The density was 1.65 kg/liter at 23°C after mixing. The bond strength with steel is 21 MPa and with concrete is 4 MPa. The compressive, tensile and shear strengths of this adhesive vary with curing time as shown in Table II . 
D. Strengthening Procedure
In the NSM technique strengthening bars are placed into grooves cut into the concrete cover of the RC beams and bonded using an epoxy adhesive groove filler. In this investigation the installation of the strengthening steel bars began with the cutting of grooves with the dimensions specified in Table 1 into the concrete cover of the beam specimens at the tension face in the longitudinal direction. The grooves were made with a special concrete saw with a diamond blade. A hammer and a hand chisel were used to remove any remaining concrete lugs and to roughen the lower surface of the groove. The grooves were cleaned with a wire brush and a high pressure air jet. The details of the grooves are shown in Fig 1. The grooves were half filled with epoxy and then the steel rod was placed inside the groove and lightly pressed. This forced the epoxy to flow around the inserted steel bar. More epoxy was used to fill the groove and the surface was leveled. To ensure the epoxy achieved full strength, the beam was left for one week.
E. Test Set-up
The instrumentation of the beams is shown in Fig. 2 . To measure the deflection at beam mid span, one vertical linear variable differential transducer (LVDT) was used.
To measure strains a number of gauges were used. Two 5 mm strain gauges were attached to the middle of the internal tension bars. A 30 mm strain gauge was placed on the top surface of the beam at mid span. Demec gauges were attached along the depth of the beam at mid span.
All beams were tested in four-point bending using an Instron Universal Testing Machine. Tests were carried out using two controls. The first was load control, which was close to the yield capacity of the beam and the second was displacement control until failure of the beam. All data were recorded at 10 second intervals. The rate of the actuator was set to 5 kN/min during load control and 1.5 mm/min during displacement control. A Dino-Lite digital microscope was used to measure crack widths on the beams during testing.
III. EXPERIMENTAL RESULTS
The leading aspects considered in this study are cracking load, crack width, yield load, ultimate load and modes of failure. The results of the tested beams are given in Table III.   TABLE III Fig. 3 shows the load versus midspan deflection for all beam specimens. As can be seen from the figure, the curves exhibit a tri-linear response defined by elastic, concrete cracking to steel yielding and steel yielding to failure stages. In the first stage, the behavior of all the beams is linear and elastic. Before the first crack, the bond between the steel bar, 
SUMMARY OF BEAM TEST RESULTS
A. Load-Deflection Curve
B. Mode of Failure
The failure modes of all the beams are shown in Fig. 4 . The beam specimens exhibited two modes of failure. The first failure mode was by concrete crushing at the top fiber of the RC beam cross-section and the second failure mode was by yielding of the tension steel reinforcement. The cracking pattern was similar for all the beams. At first, a fine flexural crack developed at the midspan of the beam. As the external load increased, additional cracks developed at the neutral axis or beyond the neutral axis, with a notable increase in the deflection of the beam. However, all strengthened beam specimens showed narrower and finer cracks compared to the control beam. This is due to the greater stiffness of the strengthened beam specimens. The loads versus crack widths of the beam specimens are shown in Fig. 5 . The first crack load of CB, NSM1, NSM2 and NSM3 were 15.75 kN, 17 kN, 20 kN and 22 kN respectively. All strengthened beams showed higher first crack loads compared to the control beam. Thus, the use of near surface mounted steel bars increased the first crack load.
The total number of cracks of CB, NSM1, NSM2, and NSM3 were 11, 16, 17 and 19 respectively and the average crack spacing of each beam was 240 mm, 115 mm, 125 mm and 100 mm respectively. NSM2 had wider crack spacing than NSM1 and NSM3. This was because NSM2 was strengthened with a low strength steel bar. However, all strengthened beams showed smaller crack spacing than the control beam. Thus, it can be said that beams strengthened with NSM steel bars exhibit more and finer cracks with closer spacing than nonstrengthened beams. In this study two ductility indexes, deflection ductility and energy ductility, were examined and are presented in Table 4 . The deflection ductility index is expressed as the ratio between the deflection at ultimate load (∆u is the mid-span deflection at ultimate load) and the yield load (∆y is the midspan deflection at yield load). The energy ductility index is expressed as the ratio between the energy at ultimate state (Eu is the area under the load-mid span deflection curve up to ultimate displacement) and the yield state (Ey is the area under the load-mid span deflection curve up to yield displacement). The strength index is the ratio between the maximum bending moment and the yield bending moment. The deflection ductility index was reduced by 62.88%, 35.39%, and 34.71% for NSM1, NSM2 and NSM3 respectively over the control beam. The energy ductility index was reduced by 77.79%, 49.03%, and 47.30% for NSM1, NSM2 and NSM3 respectively over the control beam. The strength index decreased by 6.14% and 1.75% for NSM1 and NSM2 respectively over the control beam. However, the strength index for NSM3 remained the same as the control beam. The overall reduction in ductility of the strengthened beams is most likely due to the increased tension reinforcement ratio (tension steel bars and strengthened bars).
D. Ductility
E. Bending Stiffness
The bending stiffness (EI) exp was computed experimentally by applying the following equation: versus applied load are shown in Fig.6 . Decrease in bending stiffness is a result of crack formation. After the first crack occurred, the bending stiffness of the beams decreased very rapidly over a small increase in load. However, after the yielding of the tension steel reinforcement, the bending stiffness stabilizes. Thus, strengthening with NSM steel bars not only enhances the strength of RC beams but also increases the bending stiffness and in this way improves the mechanical behavior of the strengthened members. The investigation carried out in this paper on RC beams strengthened with NSM steel reinforcement has shown that this is a very effective strengthening technique. The following conclusions can be derived from the experimental and proposed theoretical model results:
-The NSM steel reinforcement enhances the loaddeflection response of the RC beams. At any load level, the deflections of the strengthened beams were meaningfully less than that of the control beam except in the case of NSM1 which was strengthened with a plain steel rebar. -Beams strengthened with NSM steel reinforcement have significantly increased yield and ultimate capacities with improvement in ductility (deflection and energy). -Increasing the amount of NSM steel reinforcement from 28.27 mm 2 to 78.54 mm 2 increased the ultimate load capacity from 7.57% to 53.02%. -The mode of failure observed in all strengthened beams was flexural failure.
